To efficiently transmit electric power to consumers, the power lines need to be inspected routinely for early fault detection. us, power line inspection robots are designed to replace the tedious and dangerous manual inspection using linemen or helicopters. However, most of the existing inspection robots are heavy, which make them slow and prone to external wind disturbance. is paper developed a lightweight dual-arm robot and investigates its robustness to wind disturbance on a lab-scale power line structure. e dynamic equations of the robot are derived using the Lagrangian equation for appropriate motor selection. Also, the components of the robot are designed to ensure low drag coefficient to wind flow, and the mechanism of the wind force on the robot-line coupled system is presented. To study the real-time impact of the wind, a wind speed of 4.5 m/s representing one of the windiest cities in China is considered as a case study. e experimental results for different wind directions, namely, 0°, 45°, and 90°, show that the maximum vibration is 8% higher than the normal vibration of the system in a controlled environment without wind. e results demonstrate that there is little influence of the wind on the system; hence, the robot has been successfully designed and can be applied for power line inspection.
Introduction
For a reliable transmission of electric power, the power transmission lines (PTLs) need regular inspections for early fault detection and maintenance. Recognition and localization of faults along the PTL equipment are essential as it helps the power transmission companies minimize maintenance cost and prevents unwanted power outages [1, 2] .
Traditionally, trained linemen climb and crawl along the PTL to detect faults or perform maintenance task. is line crawling technique is the most common inspection method and still-in-use in most of the world. However, the lives of the linemen could be in danger as they may fall from the line or even electrocuted [3, 4] . Another method involves the use of telescopes to inspect the lines from the ground. Although the ground foot patrol assured the safety of the human inspector, it is sluggish and highly inefficient since it may not provide the clear visualization of the line [5, 6] . In addition, those manual inspection methods would be difficult to be employed when the PTLs cut-across mountains, water bodies, hot deserts, and thick forests.
Interestingly, power transmission line inspection robots (PTLIRs) are designed to autonomously inspect the condition of the PTLs safely with less cost as compared to the aforementioned manual methods. Sawada et al. [7] of Tokyo Electric Power Co., Japan, were reported to be one of the earliest researchers to design and develop a practical mobile PTLIR in 1991. Over these three decades, the field of PTL inspection has become a research interest of many scholars and research institutes around the world. In general, the PTLIRs can be classified into three broad categories, namely, the climbing, flying, and hybrid robots. e climbing PTLIRs typically have two or more arms that climb and roll along the line for the PTL inspection. As surveyed in [8] [9] [10] , climbing robots are stable and provide more reliable inspection data due to their proximity to the line.
Hydro-Quebec research institute, Canada, is one of the leading institutes that designed a practical tele-operated climbing PTLIR known as the LineScout in [11, 12] . e 120 kg heavy structure has been extensively tested on a 735 kV line. Another advanced climbing robot is the Expliner, developed by Hibot Co., Japan, in [13, 14] . e 30 kg Expliner is less heavier than the LineScout, and it is deployed to the PTL using an access cable. Expliner has a maximum inspection speed of 40 m/min and can roll along a 500 kV line at an inclination of 30°. However, the stability of Expliner is not guaranteed due to its complex maneuvers during automation. Other types of climbing PTLIRs include the line-walking mechanism [15, 16] , three-arm prototype [17, 18] , four-arm POLIBOT [19] , five-arm structure [20, 21] , and snake-like mechanism [22, 23] , among others. However, most of the existing climbing PTLIRs are either heavy or relatively large and can easily be affected by external wind. is not only makes obstacle avoidance difficult but also makes loading the robots onto the line tasking and challenging.
On the contrary, the flying PTLIRs use the unmanned aerial helicopters (UAHs) [24] [25] [26] [27] [28] or the smart quadrotors [29] [30] [31] [32] to inspect the PTLs. Consequently, these robots provide an alternative in terms of the faster inspection process and the convenient bypass of obstacles as compared to the climbing PTLIRs [33, 34] . However, flying robots are highly vulnerable to external wind disturbance, and their natural vibratory motion can make the inspection data blurred. In addition, flying robots require high-definition cameras as the robots are relatively far from the lines, and unlike the climbing robots, an advanced line following algorithm is needed for the autonomous inspection of the line [35] .
irdly, the recently introduced hybrid PTLIRs combined the climbing and the flying capabilities in a single structure as presented in [36] [37] [38] . e additional flying ability is utilized to carry the platform to the line and/or while bypassing obstacles, whereas the climbing mechanism moves the complete robot along the line for the inspection process. Nonetheless, hybrid PTLIR requires a complex control strategy to cater for its stability issues particularly under the influence of wind.
Conversely, due to its low structural damping and high flexibility, the power line conductors are sensitive to the external natural phenomenon (e.g., wind, ice, and rain). e effect of those factors leads to cable fractures, tower breakdown, and or damage to other PTL components [39] [40] [41] . us, it is crucial to study the impact of the induced vibration on the line and the PTLIR for effective automation of the robots.
Zhou et al. [42] [43] [44] are some of the works that modeled the mechanism of rain-wind induced vibration of power line conductors using finite element analysis. e authors investigate the effect of different parameters, namely, wind speed, damping ratio, and frequency, on the stability of the conductors. In addition, the dynamic analysis of a coupled tower-line system under the influence of wind and rain loads has been investigated in [45] . e study demonstrated that the effect of both wind and rain loads could significantly induce vibration on the tower-line system and thus, should not be ignored while designing the power line system. Also, Fu et al. [46, 47] perform a fragility assessment of collapse status for a power line tower under wind-rain loads. e result identifies the unfavorable combinations of wind loads that lead to tower collapse. Other tower-line wind studies include stability analysis of strong wind in coastal areas [48, 49] , nonlinear inelastic analysis under turbulent winds [50] , wind tunnel test on aero-elastic model [51] , and full-scale numerical simulations of failure mechanism under extreme winds [52, 53] , among others. However, those studies only studied the effect of wind, rain, or ice on the PTL system without incorporating other equipment like the PTLIRs.
In addition to their large surface area which is prone to wind devastation, the existing robots also failed to consider wind effect to their design for stability assessments. In [54] , only the speed and direction of the wind acting on the robot was measured as part of the environmental sensing unit. Some other works mentioned the wind effect on the PTLIRs as a potential future research. e main objective of this work is to improve the existing robots in terms of complexity, size, weight, and vulnerability to wind attack. us, we have developed a portable, lightweight dual-arm robot less prone to wind attack during PTL inspections. e study considered the effect of wind disturbance on the robot by carefully selecting its parts (arms and trunk) with less wind drag. e 3D dynamic equation of the robot-line coupled system was derived using the Lagrangian equations, and its response was analyzed using MATLAB. Finally, the system was tested on a laboratory PTL setup using an industrial fan as the wind source. e paper is divided into five parts. e second part presents the description and the joint dynamics of the robot. e third part highlights the mechanism of wind disturbance on a robot-line system. e experimental setup of the robot-line and its response are presented in part four. Finally, the summary and conclusion are given in section five.
Description and Dynamics of the Robot

Mechanical Design.
e PTLIR designed for this study is a dual-arm climbing robot that moves along a single PTL conductor, as shown in the conceptual design of Figure 1 . e robot consists of two triangular grippers, two cylindrical arms, and a rectangular base that housed the onboard battery and other electronic components. Each gripper has three rollers; one connected to a motor for rolling along the line while the remaining two provide additional support to the arm. us, the complete robot has eight motors: two motors (ROL-M1&2) for the active rollers, two motors (ADJ-M1&2) for adjusting the grippers for proper alignment on the line, and four motors (ROT-M1-4) for manipulating the arms during the obstacle avoidance process. Figure 2 shows the plan view of the design that clearly illustrates the arrangement of the rollers on the line. Also, the function of the adjustment motors is illustrated in Figure 3 , where one arm is lifted and rotated away from the line in order to avoid an obstacle (circular warning ball). As shown, once an obstacle is detected, the robot stops while the front motors ROT-M1&2 lift the front arm off the line and the ADJ-M1 then rotates the arm away from the line. e rear-arm then moves the robot towards the obstacle to allow the front arm to bypass the obstacles. en, the front arm will be reattached to the line using ADJ-M1 and ROT-M1&2. At this point, the obstacle is between the two arms; the same process is repeated for the rear-arm ROT-M3&4 and ADJ-M2 to finally avoid the obstacle. e individual masses and dimensions of each component are presented in Table 1 .
Joint Torque Dynamics.
In order to select appropriate motors for the operations of the robot, the torque analysis should be conducted. In this case, we consider the scenario where the maximum torque will be required to lift or rotate each joint while one arm is fixed on the line, as shown in Figure 4 (a). us, the structure of the two arms was proposed to be identical such that any of the arms can be lifted or manipulated. Although the robot has six joints, two motors shared the same joint at joint 2 (ROT-M1 & ROT-M2) and joint 3 (ROT-M3&ROT-M4). e pairs ROT-M2&3 and ROT-M1&4 have the same function and require the same magnitude of torque since similar manipulations will be required when the robot moves in the other direction. is means that to manipulate any arm, only the sequential motors (ROL-M1, ROT-M1, and ROT-M3) or (ROL-M2, ROT-M4, and ROT-M2) will be automated. Also, the magnitudes of the joint torques depend on the mass and length of the links which remain the same whether the motor rotates in or out of phase.
us, the robot can be simplified to four joints and modeled in a single plane for the dynamic analysis.
By assuming the masses of each link to be concentrated at the tip of the links, the Lagrangian approach is employed to the simplified schematics of Figure 4 (b) to derive the dynamic equations of the system, where m 1 , m 2 , m 3, and m 4 are the masses of the hanging roller, link 1, link 2, and link 3, respectively. τ 1 , τ 2, and τ 3 are the torques required to lift link 1, link 2, and link 3, respectively. Also, l 1 and φ 1 , l 2 and φ 2 , and l 3 and φ 3 represent the lengths and joint angles of their respective links.
Furthermore, the required linear force f r capable of moving the whole robot a distance c along the power line can be determined. e general Lagrangian formulation of equation (1) given in [55] was used for deriving the joint equations of the robot, where m i is the mass of ith coordinates, Q i is the summation of the ith nonconservative forces, and q i is the ith generalized independent point for n number of coordinates. T and U denote the total kinetic and potential energies of the system, respectively. h i is the vertical height from the center of the ith joint to the reference point, O.
e vertical height of each coordinate is expressed in equation (3); hence, the total energies T and U of equation (2) can be calculated, as shown in equations (4) and (5), respectively. en, the dynamics of the robot can be calculated by solving equation (1) using equations (4) and (5) as expressed in equation (6) to equation (9):
Finally, the dynamic equations can be expressed in the matrix form of equation (10) in equation (11), where the terms with double derivatives represent the acceleration of 
To simulate the responses, some assumption can be made for each joint variable, i.e., velocities and accelerations can be set to unity [19] . is means that the robot moves at a linear acceleration of 1 m/s 2 and angular acceleration of 1 rad/s 2 .
us, to calculate the required torque for joint 1 (τ 1 ), joints 2 and 3 are fixed. Similarly, torques τ 2 and τ 3 can be calculated. By considering the normal sliding position of the robot, as shown in Figure 1 , each joint is said to be at zero position (equilibrium). us, based on our analysis, it was observed that a manipulation within 30°(0.53 rad) is enough to perform the intended obstacle avoidance process effectively. us, the limit of angular rotation for each joint is − 15°≤ φ 1 ≤ 15°, − 20°≤ φ 2 ≤ 20°, and − 30°≤ φ 3 ≤ 30°which corresponds to the maximum torques of 4.9 Nm, 5.6 Nm, and 2.5 Nm, respectively, for joint 1, joint 2, and joint 3, as shown in Figure 5 .
For the analysis of the rolling force, f r , along the line, we can consider the case where the roller moves the whole robot while all the joints are inactive or fixed. Based on its dynamics of equation (6), a 5.0 Nm torque is required to move the structure a distance of one meter, as shown in Figure 6 . It is also clear that least force is needed to move the robot when all the joints rotate simultaneously.
Mechanism of Wind Load on the Robot-Line System
In this section, two models are presented. Initially, the generalized wind dynamics on the robot-line is presented. en, the combined robot-line-wind dynamics and its simulation analysis are, respectively, presented. Figure 7 illustrates the potential wind disturbance on a robot-line couple system in one direction, x. e dynamics of the wind force f w given in [45] can be represented in equation (12) , where C d is the drag coefficient, A is the cross-sectional area, ρ a is the air density, and v a is the velocity of the wind. C d is a dimensionless quantity used to quantify the resistance of an object in a flow environment (air or liquid), where small coefficient indicates less aerodynamic drag [56] .
Generalized Wind Force on the Robot-Line System.
However, the wind attack angle θ on the robot-line system may not necessarily be perpendicular to the surface; hence, the schematics of the possible attack direction can be (a) represented using the plan view of Figure 7 , as shown in Figure 8 .
It can be seen that θ ranges from 0°to 90°; hence, the general formulation of f w can be modified as expressed in equation (13), where C d_ix and A ix denote the drag coefficient and cross-sectional area of the ith components of the system in x direction, respectively. C d_iy and A iy represent the drag coefficient and cross-sectional area of the ith components in y direction, respectively. Here, the number of components n is six comprising two grippers, two arm pipes, a trunk, and the power line.
In reality, wind disturbance is a natural phenomenon, and thus, its effects on any object can be minimized by designing the system with an appropriate C d and A. In summary, analyses of wind effect can be conducted by changing the wind speed v a and or its attack angle θ as the two variables of equation (13).
Coupled Dynamics of Wind Load and the Robot-Line System.
is section investigates the vibrations of the robot-line system under the influence of wind in x, y, and z axes.
us, the proposed robot under the influence of wind can be illustrated in Figure 9 (a), where the dotted red lines represent the equilibrium position of the robot without wind effect. e two identical cylindrical arms are connected firmly by the robot trunk and driven along the PTL by the two identical rollers with linear force f r . erefore, it is evident that the structure of the robot can be considered as coupled pendulum, where l 1 � l 3 � l. us, during wind attack, the position of the robot is illustrated in solid blue lines, and the corresponding angular displacements for the two arms can be assumed to be equal. So, the rotational motion of the arms due to the inertial moments J given in equation (14) causes the angular displacements of the robot trunk in x-axis (ψ) and y-axis (ξ), respectively. Also, the vertical displacement of the robot in z-axis (δ) shown in Figure 9 (b) is expressed in equation (15) .
δ � − l + l cos ψ.
In addition, c is the distance covered by the robot when it moves along the power line from the fixed reference point, O (x o , y o , and z o ). As the main aim of this analysis is to study the vibration of the robot trunk, a single point on the trunk can be chosen. us, the position vector p t of the robot trunk in a 3D plane with reference to the fixed coordinate system O is given in equation (16) . en, the kinetic and potential energies of equation (2) can be calculated as expressed in equations (17) and (18) 
U � − m 23 gl cos ψ.
Moreover, the external forces Q i of the Lagrangian dynamics of equation (1) comprises the actuator force f r , the wind force f w , and the sinusoidal force f s that cause the flexible line to oscillate along y-axis when the robot moves along the line. us, the complete dynamics of the robot under the influence of wind can be calculated by solving equation (1) using equations (17) and (18) as expressed in equation (19) to equation (21) . It can be seen that the final dynamics of equations (20) and (21) are for the angular accelerations of the robot trunk. To determine the linear accelerations, the results should be multiplied by the radius of rotation, here, l.
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Wind f w Finally, to analyze the dynamic equations, the areas affected by the wind attack should be calculated. us, the view of the wind attack in x and y axes of the robot-line system can be illustrated in Figure 10 . e total area in each axis is calculated by summing the affected area of each item, as shown in Table 2 . us, it is clear that the wind attacks larger surface area in y-axis as compared to the x-axis.
Simulation Analysis.
To study the dynamic response of the system derived in equation (19) to equation (21) , the robot was controlled at the speed of 10 m/min, and the flexibility of the line f s was measured experimentally to have a maximum amplitude of 3 cm at 2 rad/sec. In addition to this, the parameters of Table 2 were used for the simulations. Figure 11 shows the accelerations of the robot-line system under the influence of wind at 0°, 45°, and 90°in x, y, and z axes, respectively. As shown, there is no significant peak in the range of frequencies of more than 3 Hz, which shows the response is within the lower frequency spectrum.
As shown in Figure 11(a) , the highest acceleration of 0.177 m/s 2 is obtained when the wind acts in the direction of motion of the robot (0°) as compared to 0.114 m/s 2 (45°) and 0.126 m/s 2 (90°). is shows that the vibration in the x-axis of the robot reduces when the wind blows perpendicular to the robot. Similarly, the response in y-axis (Figure 11(b) ) shows that the highest vibration is obtained when the wind attacks the robot-line system at 90°. Also, the response demonstrates that significant vibrations are recorded at different frequencies, which translate higher wind effect on the system. On the contrary, the vibration recorded in the z-axis (Figure 11(c) ) is the least as compared to the x and y axes due to the absence of wind force in the z-axis.
To analyze the wind effect, the mean absolute values (MAE) of the responses are illustrated in Figure 11(d) . As shown, the highest vibration of 0.483 m/s 2 in x-axis reduces to 0.423 (12%) as the wind direction increases to 90°. However, the highest vibration in y-axis showed an increase in vibration from 0.415 m/s 2 to 0.539 m/s 2 , representing a 30% increase as the wind attack increases from 0°to 90°.
Moreover, the wind source is removed, and the ideal response of the robot-line system is recorded, i.e., moving, without wind. en, the robot is stopped, and the wind attacks the system at 90°, i.e., stationary plus wind. ese responses are compared with the highest vibration obtained when the robot moves under wind attack, as shown in Figure 12 . e results show that wind has the least effect on the system when the robot is not moving in all cases. As shown in the summarized response of Figure 12(d) , the highest vibration of the moving robot with the wind (0.539 m/s 2 ) shows a 17% increase in vibration as compared to the moving robot without wind (0.462 m/s 2 ). is shows little influence of the wind on the system.
The Experimental Setup
As the main objective of this work is to design an efficient PTLIR, an aluminum 6061 alloy was used to manufacture the robot. e 0.5 m by 0.5 m robot only weighs 7.5 kg including the electronic components; thus, it is much lighter and portable as compared with the existing PTLIRs as tabulated in [19] . All the motors were selected based on the torque analysis of equation (11), where the reliable Robomaster brushless DC motors are selected. In addition, all the motors were controlled using the C620 speed controllers provided by the manufacturer. e experimental setup used for the verification of the effectiveness of the robot under different operating conditions is illustrated in Figure 13 . As shown, the robot climbs along a 3 m long power transmission cable supported by two 1.8 m high vertical towers. Also, a cost-effective and lowpower ADXL335 tri-axis accelerometer was installed on the robot trunk for the measurement of the induced vibration of the coupled robot-power line system in all the three axes (x, y, and z). An industrial fan is chosen as the wind source for the aerodynamic analysis of the system, and the wind speed is determined using the AT816 digital anemometer. e wind generated by the fan attacked the system in three Frontal area of the roller in y-axis 0.0133 m 2 C d_2x
Drag coefficient of the roller in x-axis
Drag coefficient of the roller in y-axis positions, namely, 0°, 45°, and 90°. Finally, the Arduino Uno microcontroller connected to MATLAB ® software serves as the data acquisition system for recording the vibratory response of the robot as displayed on the monitor/PC.
Experimental Results and Analysis
e analysis of the developed robot was conducted to verify its efficiency and robustness to external disturbance using the experimental setup of Figure 13 . Due to the limitation of the power line cable, the robot is allowed to move forward along the line for six seconds, stops for 2 seconds, and then reverses back for another six seconds. e robot speed is controlled at 10 m/min for the duration of 5 minutes for each test using the ±24 V battery, as shown in Figure 14 . is allows the robot-line dynamics to be adequately studied in real-time. e robot trunk is assumed to be the most vulnerable point to external disturbance and hence, selected as the vibration measurement point.
To investigate the robustness of the robot to external disturbance, the system is subjected to external wind of different magnitudes. In addition, to realize the exact effect of the wind on the system, the actual wind activities in China within the years 1960-2016 as documented in [57] are considered. Based on the report, Chinese capital, Beijing, is one of the windiest cities in China with an average wind speed of 2.4 m/s to 4.2 m/s; thus, it is taken as the case study for our analysis. Also, to fully analyze the aerodynamic behavior of the system, the vibratory responses for three different scenarios were studied, namely, vibration for wind-free environment, vibration due to external wind, and vibrations for different wind attack angles. us, the parameters adopted for the real-time analysis of the robot-line system are as follows: (1) the transmission line cable is 3 m long; (2) the robot is suspended on the line 1.8 m above the ground; (3) the total time for each experiment is 5 minutes; (4) the wind attack angles are set at 0°, 45°, and 90°; and (5) the level of wind speed is set at 4.5 m/s which covers the windiest ranges of wind in China. Figures 15 and 16 show the response of the coupled system under different operating conditions. e results
show that highest vibrations are recorded in the low-frequency ranges (0-1.5 Hz). To analyze the directional wind effects, the wind is subjected to the moving robot in three directions, i.e., 0°, 45°, and 90°, as shown in Figure 15 . e summary of the responses is presented in Figure 15 (d) using the MAE of the vibrations of each axis. e results demonstrated that when the wind blows in xaxis, i.e., 0°, the vibration in x-axis is the highest (0.39 m/s 2 ).
is shows that the x-axis vibration decreases by 3% and 8% when the wind acts, respectively, at 45°and 90°away from the x-axis. Similarly, the highest y-axis vibration of 0.43 m/s 2 is recorded when the wind acts at 90°, representing 11% increase in relation to vibration at 0°in the same axis. However, z-axis with the highest vibration of 0.22 m/s 2 has the least vibrations in relation to that of x and y axes. is represents small vertical oscillations of the robot. It is obvious that the most unfavorable wind attack direction is 90°s ince it affects the larger surface area of the robot-line system as earlier proved in equation (13) .
Furthermore, the wind force is removed from the system and the robot is allowed to move in a controlled environment without wind (v a � 0 m/s), and the corresponding vibration is recorded. en, the robot is turned off (stop) while the most unfavorable wind attack at 90°is exerted on the system, and the resulting response is also recorded. Finally, these two scenarios were compared with the maximum vibration obtained when the wind is applied to the moving robot at 90°, as shown in Figure 16 . e summary of these responses of all the axes is illustrated in Figure 16(d) . It can be seen that at stationary position, the robot has the least vibration while higher vibrations are recorded when subjecting the moving robot to external wind in all axes. In addition, y-axis recorded the highest vibration of 0.43 m/s 2 , representing 7.5% increase in vibration as compared to the normal motion of the robot without wind disturbance (0.40 m/s 2 ) in the same axis.
Finally, the vibration of the simulations and the experimental results were compared in Figure 17 . e response shows that the simulation results have higher vibrations as compared to the experiments. is is due to modelling uncertainties (assumptions) and the inherent electronic noises of the system. However, the pattern is similar, and both analyses confirmed that the robot is less vulnerable to wind attack even at the most unfavorable direction.
Conclusions
e main objective of this work is to improve the existing robots in terms of complexity, size, weight, and vulnerability to wind attack. us, this paper presents the development and performance analysis of a dual-arm power transmission line inspection robot under the influence of wind disturbance. e lightweight robot designed in Solidworks ® was manufactured using the aluminum 6061 alloy. To investigate the effectiveness of the robot, the dynamic equations of the robot were derived, and a lab-scale power transmission line system was setup with an industrial fan as the wind source for the real-time wind effect analysis. e vibratory responses of the system under different operating conditions were obtained and studied. e conclusion of the whole paper can be summarized as follows:
(1) A power transmission line inspection robot is designed, manufactured, and experimentally tested on a lab-scale tower-line system. (2) e dynamic equations for the joint torque analysis of the robot and the mechanism for wind disturbance on the robot-line system were presented. (3) A wind speed of 4.5 m/s which is equivalent to the windiest speed in China is considered as the case study for the wind effect analysis on the robot-line system. (4) e effects of wind on the system in three directions (0°, 45°, and 90°) were studied. e highest vibration is recorded when the wind acts perpendicular to the system. us, 90°is the most unfavorable wind attack angle. (5) e highest vibration is 8% more than the corresponding vibration without wind disturbance. is shows little influence of the wind on the deigned structure. (6) e 0.5 m by 0.5 m robot only weighs 7.5 kg including the electronic components; thus, it is much lighter and portable as compared to the existing PTLIRs.
Finally, it can be concluded the robot has been successfully designed and can be applied for power transmission line inspection. Our future work will focus on control and installation of the imaging and sensing devices on the robot for real-time inspection of the power lines.
Data Availability
e data used to support the findings of this study are included within the article. 
